
Experimental Measurement of Liquid 
Nugget Heat Convection in Spot Welding 

Contrary to current theories, it was determined that 
temperature is uniform throughout the molten nugget 

BY W. V. ALCINI 

ABSTRACT. A unique half-weld technique, 
which employed a thermal and electrical 
insulator to support the sectioned face of 
the weld structure, was used to examine 
the convection in the molten nugget of an 
AC spot weld. Temperature measure
ments within the nugget revealed that 
convection was so great that the tem
perature was essentially uniform through
out the nugget. It is conjectured that the 
swirling arises from induced magnetic 
forces. Using a classical heat transfer 
model, it is estimated that the heat con
vection coefficient is 1.3 X 106 W / 
(m2 • K). 

Introduction 

Spot welding is a common industrial 
process for the joining of metals. A signif
icant amount of research and develop
ment has been done in the area of weld 
controllers, numerical modeling (Ref. 1), 
and empirical characterization of weld 
behavior. These subjects have been and 
continue to be well addressed. However, 
experimental study of the weld zone itself 
is much needed. The weld zone is the 
segment where the metals are joined, 
and where electrical energy is converted 
to thermal energy. The weld zone re
mains underexplored experimentally be
cause of its inaccessibility and small phys
ical size. 

To remedy this predicament, a tech
nique was developed to study the spot 
weld zone. The technique provides a 
window into the weld zone for tempera
ture and electric-potential measurements 
(Ref. 2). It yields two-dimensional temper
ature and potential fields in an axisymmet-
rical plane that characterizes the entire 
weld zone. Temperature measurements 
were made using headless microthermo-
couples with response times less than 1.0 
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millisecond. Being dynamic, the measure
ments describe how the weld evolves. 
Various welding phenomena can be stud
ied with this technique. This paper is con
cerned with liquid nugget convection and 
the value of the convection coefficient in 
the liquid weld nugget. 

Experimental Technique, 
Measurements and Calculations 

An experiment was constructed for 
measuring spot weld temperatures while 
a weld is in progress and at many locations 
within the weld. This was done using half 
welds, which are spot welds sectioned 
along the line of symmetry— Fig. 1. Next, 
as many as 16 thermocouples were at
tached to the sectioned surface of the half 
weld at the weld zone location— Fig. 1. 
Then the surface was sealed with a 
castable refractory cement that con
formed to the sectioned surface and held 
the thermocouples in place. 

Weld Nugget Temperature Measurement 
Technique 

Temperature measurement was done 
with a thermocouple sensor called a bead-
less microthermocouple (BMT). The BMT 
was developed to give accurate, fast 
temperature readings without significantly 
disturbing the measurement surface. The 
BMT is made by joining very fine thermo-
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couple wires (0.025 mm diameter) ultra-
sonically or percussively to the surface of 
interest —Fig. 2. Because the wires are 
joined to the measurement surface and 
not to each other, the workpiece be
comes one leg of two thermocouples that 
are positioned to measure the same 
point —Fig. 1. To understand this thermo
couple technique, we will assume the 
thermocouple junction is the planar inter
face between the wire and the surface. 
Theoretically, this junction has no mass, it 
does not contain a bead (a three-dimen
sional spherical pool) of poorly mixed dis
similar metals. Since thermocouple re
sponse time is a function of the bead's 
thermal inertia, the BMT has a very low 
thermal inertia and very fast response 
time. Another reason for good BMT re
sponse time is improved conduction be
tween the thermocouple junction and the 
measurement surface. Since the junction 
is metallically joined to the surface, there 
is no contact resistance, and good heat 
flow to the thermocouple. 

Several BMTs were attached to the 
sectioned surface of a spot weld —Fig. 2. 
Two 1.5-mm (0.06-in.) thick, 1008 steel 
sheets were welded together by Class II 
copper A pointed-nose electrodes, with a 
face diameter of 6.35 mm (0.25 in.). The 
AC welder was set to 10 K peak amps at 
50% duty cycle and 1.3 kN (292 Ibf) force. 
These materials were welded in a half-
weld condition. A half weld is a spot weld 
sectioned along the line of symmetry. The 
welded sheets and electrodes were both 
sectioned. The sectioned surface was 
sealed with a refractory cement to retain 
the liquid nugget, eliminate heat radiation 
loss, and control deformation of the 
sheets. 

BMT Temperature Measurement Validation 

The BMT performance was validated in 
two ways. First, a thin sample of low-
carbon steel was instrumented with a 
beadless microthermocouple in a section 
purposely thinned to control the point 
where melting would occur. The antici-
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Fig. 1 — Beadless microthermocouple instrumentation of a half weld. 

pated position of melt was unsupported 
so that during melting the molten material 
would drop, breaking the thermocouple 
and stopping the flow of electrical current 
that heated the sample. Complete melting 
of the steel sample occurs at 1525-1530°C 
(2777-2786°F). The BMT measured 
1539°C (2802 °F) and measured the pe
riod of the test to be 0.522 s. ln addition, 
some superheating may have taken place 
and caused the measured value to be 
slightly high, but these results are confirm
ing of the technique. 

Secondly, a BMT was joined to a cali
brated conventional thermocouple and 
both thermocouples placed in a furnace. 
The couples measured the temperature of 
the furnace as it was heated from room 
temperature to over 1500°C (2732°F). 
The results are shown in Table 1. 

The response time of the BMT was 

measured by dropping a bead of molten 
solder onto the thermocouple. The ther-
mocopule tested was a percussion-joined 
thermocouple with each leg of the couple 
joined together and laid on a block of in
sulating material. A molten drop of lead-tin 
solder was dropped on the thermocouple 
and the thermocouple's electric response 
was observed on a storage oscilloscope. 
The response was a typical transient re
sponse. The thermocouple reached one 
time constant of its maximum amplitude in 
0.8 milliseconds. However, thermal con
tact resistance does exist between the 
molten bead of solder and the thermo
couple. Also, the heat had to be con
ducted across the wire cross-section to 
reach the interface in the geometry used. 
It may be that the thermocouple response 
is actually less than 0.8 milliseconds, but it 
certainly is not greater. 

Table 1—Beadless Microthermocouple 
Calibration^' 

Pt-10%Rh 
Cal Therm 

21.6°C 
336.0 
332.0 
402.0 
575.0 
726.0 
813.0 
918.0 

1159.0 
1402.0 
1502.0 

Pt-13"„Rh 
Microthermocouple 

22.0°C 
331.0 
327.0 (10 min soak) 
397.0 
572.0 
724.0 
812.0 
917.0 

1158.0 
1399.0 
1498.0 

(a) The calibrated thermocouple was guaranteed to be accu
rate to ±4QC over the range of temperatures shown here 

Weld Temperature Results 

Temperature measurement of a weld is 
shown in Fig. 3. Isothermal lines are plot
ted in a quarter of a weld zone. Indenta
tion has occurred so that the sheet thick
ness is decreased. This is a result of expul
sion. The isothermal plot shows the 
expected steep gradient of temperature 
expected between the nugget edge and 
the electrode face. Because relatively few 
weld zone locations were instrumented, 
the shape of the highest temperature iso
thermal line, as shown in Fig. 1, was 
determined with the aid of weld metal
lography. Only measurements during the 
last cycle of the weld were correlated 
with weld metallography because weld 
temperatures were peaked. The general 
nugget shape, as described by the mea
surement points and their corresponding 
temperatures, agrees well with metallo
graphic determinations. 

A very significant result is shown in 
these temperature measurements. The 
liquid nugget zone of the weld appears 
very uniform in temperature. This is no
ticeable by the sharp contrast in temper-

Fig. 2 — SEM photographs of beadless microthermocouples. The top photo shows an ultrasonically joined thermocouple; bottom photo is a percussion-
joined thermocouple. 
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ature gradient b e t w e e n the solid and liq
uid zones. Measurements at the very 
center of the nugget did not operate 
proper ly . Consequent ly , the absolute nug
get center temperature was not ob ta ined, 
but the measurements suggest the highest 
possible temperature was 1650°C 
(3002°F), whi le the nugget was very small. 

Heat Convection Coefficient Calculations 

Convec t ive heat f l o w at the l iquid nug
get t o solid metal boundary was exam
ined. The results presented earlier de
scribed the bulk of the liquid nugget to be 
at a fairly un i fo rm temperature . This fits 
nicely w i th the convent ional mode l for 
convect ive heat f l ow . The mode l assumes 
that the bulk of the fluid is at a un i fo rm 
temperature. It also assumes that most o f 
the resistance to heat transfer b e t w e e n 
the f luid b o d y and the surface is concen
trated on a thin fluid f i lm at the surface. In 
the we ld ing case, the mol ten nugget is the 
f luid. The boundary of solid metal that 
contains the liquid nugget forms the sur
face. For this analysis, the convect ion 
characteristics wil l be considered in terms 
of this simplif ied mode l w i th all resistance 
to heat f l o w e m b o d i e d in a stagnant layer 
of equivalent thickness, <5', and having 
zero veloci ty w i th respect to the surface 
(Ref. 3) (Fig. 4). The heat f l o w across the 
stagnant layer is given by the relat ion, 

d Q = h c AATdt (1) 

Q = Heat convec ted 
AT = Temperature on the solid sur

face and of undis turbed f luid 
far away f r o m heat transfer 
surface 

hc = Unit thermal convect ive coef
ficient 

A = Surface area 
t = Time 

The heat f l ow ing at the interface must 
be conduc ted into the solid. The clas
sical govern ing equat ion for heat con 
duct ion is (Ref. 3), 

dQ = 
k(T)AATdt 

L 
(2) 

Q = Heat conduc ted 
AT = Tempera ture b e t w e e n the 

t w o ends of the vo lume of in
terest 

A = Cross-sectional area of the vo l 
ume 

k = Thermal conduct iv i ty as a func
t ion of temperature 

L = Length of the vo lume 
t = T i m e 

A steady-state conduc t ion is assumed 
so that the heat storage term of the c o m 
plete heat equat ion can be neglected. This 
approx imat ion is considered reasonable 
because of the plateau in the temperature 
vs. t ime curve for tempera ture points in
side the l iquid n u g g e t - F i g . 5. Thermal 
conduct iv i ty , in the equations s h o w n , is a 

Fig. 3 — Temperature 
fields in full-size 
weld nuggets. The 
temperature field 
measured at the 
peak of nugget size, 
by the half-weld 
technique. 

Fig. 4 — Convection 
in liquid nugget. 
Steady convective 
heat transfer and 
heat conduction at a 
boundary surface 
(Ref. 2). 
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Fig. 5— Weld temperatures as a function of time. 

function of temperature. The appropriate 
values of thermal conductivity (Ref. 4) 
were used for all the calculations made. 

The value of the convective heat trans
fer coefficient was calculated from exper
imental results. The calculation involved 
equating the conducted heat flow, away 
from the convection surface, with the 
convective heat flow at the same surface. 
This was done by equating Equations 1 
and 2. When this is done, the differential 
time factor is a common factor on both 
sides of the equation and can be divided 
out. To solve for the convection coeffi
cient, the thermal conductivity of the 
solid, the length of the conducted path, 
and the temperature difference at the 
ends of both the conducted path and the 
convective layer were needed. 

The measured temperature difference 
in the path was determined from Fig. 3 
over an arbitrary length. The average of 
the temperature-dependent thermal con
ductivity (Ref. 4) was used over the mea
sured temperature range of the conduc
tive path. The convective layer tempera

ture difference was obtained from the 
difference between the temperature at 
the liquid-solid surface and the tempera
ture at a distance delta-prime away from 
the surface. Theoretically, the solidus tem
perature where liquid 1008 steel becomes 
100% solid is 1505 = C (2741 °F) (Ref. 5). 
This agrees well with experimental mea
surements in Fig. 5. The temperature 
curve in Fig. 5 is segmented because only 
temperatures acquired during the welding 
current off time are presented.' During a 
current pulse, no data are given. The 
temperatures shown in Fig. 3 are 1.3 mil
liseconds after a current pulse in the weld 
schedule. Within a short time after current 
pulse stopped (0.1 millisecond), the aver-

/. The waveform of welding current as a 
function of heat setting contains a significant 
amount of off time. In other words, each weld 
cycle contains a time period where no current 
is flowing. The data presented were acquired 
during this off time. This eliminated the inter
ference effects of electromagnetic induction 
and maximized accuracy of measurements. 

\ 
Electrode A 

Sheet 

7 X 
Fig. 6—Flow pattern in liquid nugget. 

age nugget temperature of the points 
measured was 1540°C(2804=F). This point 
in time is closer to the point of peak heat 
generation and possibly maximum con
vective swirling. 

The value of the convective heat trans
fer coefficient was calculated to be 
1.3 X 106 W/m2K. This agreed within 
30% of two other techniques used to cal
culate the coefficient based on the same 
data. The significant point to note is that 
there is a large amount of convection 
within the liquid nugget. 

Discussion of a Swirling Mechanism 

A uniform liquid nugget temperature is 
novel to the present theories about the 
amount of convection taking place in the 
liquid nugget. If no stirring of the liquid 
nugget was taking place, the gradient of 
temperature in the liquid should be greater 
than that in the solid. This is based on the 
thermal conductivity for solid and liquid 
1008 steel, and heat flow in two equally 
sized pieces of material. A possible expla
nation for these results is that magnetic 
forces on the current-conducting liquid 
establish a flow pattern in the molten 
nugget. Magnetic field is generated by the 
large time varying welding current. Given 
the direction of current flow and the ge
ometry of a conventional weld in AC re
sistance welding, Fig. 6 shows a possible 
liquid nugget swirling pattern. 

Conclusion 

The results of these experiments are 
very significant in understanding and mod
eling resistance spot welding. A uniform 
liquid nugget temperature is novel to the 
present theories about the amount of 
convection taking place in the liquid nug
get. The swirling mechanism is probably 
magnetic induction. This uniform liquid 
nugget temperature allows the use of the 
boundary layer heat convection model 
for calculating heat flow from the liquid 
nugget. For the system examined, the heat 
convection coefficient was calculated to 
be 1.3 X 106 W/m2K. 
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